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The Large Hadron Collider (LHC) [1] is equipped with 1232 main superconducting dipole
magnets, 474 superconducting quadrupole magnets and more than 7400 superconducting
corrector magnets that are distributed around the eight sectors of the accelerator. The main
magnets are distributed in regular cells and the layouts of the eight sectors are very similar.
Each of the magnets is powered via superconducting power cables, the so-called main
busbars for the main magnets and auxiliary busbars for the corrector magnets. In addition,
electrical distribution feed-boxes (DFBA units) to which all busbars are connected and
connection cryostats through which all busbars are running are placed in the 16 dispersion
suppressor regions of the accelerator.
The busbars consist of two cables that transport the same amount of current in opposite
directions (go-and-return currents): This ensures that the magnetic field of each busbar is
balanced and does not perturb the beam since the distance between the busbars and the
beam is sufficiently large. If the distance between the busbars and the beam reduces to
the same order of magnitude as the separation between the two current lines, the resulting
magnetic field must be calculated precisely to evaluate the effect on the beam. Within
the main magnets, the field produced by the superconducting busbars is shielded by the
magnet’s iron yoke. However, in the numerous magnet interconnections, the busbars are
magnetically unshielded with respect to the beam pipes and produce parasitic fields that
can affect the beam. Extensive analyses have been carried out in the past to assess the
field quality of the individual magnets and its influence on the two counter-rotating beams.
However, no detailed evaluation of the influence of the parasitic fields of the main and
auxiliary busbars and their effect on beam optics had been performed so far. In this
report, the integrated field pertubation resulting from parasitic fields is calculated and
effects on some beam dynamics parameters are estimated.
2 Sources of Parasitic Fields
The LHC magnet interconnections exhibit a large number of different topologies. For
the calculation of a perturbation effect, only the conductors that are closest to the beam
axes, that are carrying large currents or that are present in a large number have been
considered. The busbars within the connection cryostats (CC), as well as the connections
to the distribution feed boxes (DFBA) are also included in the calculation.
Interconnections that are outside the arc and DS-regions are not included in the calculation
and the contribution of the smaller current feed boxes, such as the DFBX, as well as
the individually powered magnets like the MQX, are ignored. The interconnections are
named according to the connected magnet type as indicated below. A complete list of the
interconnections under consideration and their number in the different sectors is shown in
Table 1. The interconnection naming is as follows:
• quadrupole-dipole interconnections (MQ-MB),
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• dipole-dipole interconnections (MB-MB),
• dipole-quadrupole interconnections (MB-MQ),
• dipole-connection cryostat interconnections (MB-CC),
• quadrupole-connection cryostat interconnections (MQ-CC).
Table 1: Number of interconnections considered for the calculation of beam parameters in
the different sectors.
IC-type MQ-MB MB-MB MB-MQ MB-CC MQ-CC
arc per cell (all sectors) 2 4 2 – –
DS-R1, DS-R2, DS-R3, DS-R4,
DS-R5, DS-R7, DS-R8 5 4 3 1 –
DS-R6 4 4 3 1 –
DS-L2, DS-L7 4 4 4 – 1
DS-L3, DS-L4, DS-L5 3 4 5 – 1
DS-L6 3 4 3 1 1
DS-L1, DS-L8 3 4 4 – 1
3 Interconnection Topology
Figure 1 shows the layout of the main busbars in the LHC main dipoles. The busbars
are running in channels in the outer edge of the iron yoke, and this way, the two beams
are shielded from parasitic effects within the magnet, except for the region of the dipole
interconnection in the magnet’s ends. More critical in terms of parasitic effects is the lyres
side where the busbars run in close proximity with respect to the two beam pipes. The
lyres are needed in order to allow for thermal shrinkage during cool-down of the dipole to
the operating temperature of 1.9 K. For parasitic field calculation, the lyres are considered
as part of the interconnection, although their actual location is within the cold mass body.
Each type of magnet is powered by dedicated superconducting busbars running along
each sector. Within one sector, the magnets of a given type are connected electrically
in series by pairs of busbars. In total, 6 pairs of busbars exist: 1 for the main dipoles
where also the two apertures are powered in series, 1 for each of the two apertures of the
main quadrupoles which are powered independently, and 3 pairs of auxiliary busbars per
aperture for the corrector magnets. In this way, we distinguish between main quadrupole
busbars for the two apertures (QF and QD) and main dipole busbars (MB), located as
shown in Fig. 2 (left) with respect to the beam axes. The corrector busbars are placed on
top of the main quadrupole busbars (see Fig. 2, right).
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Figure 1: Main busbars in the LHC main dipoles, seen from the lyres side. Due to the
shape of their lyres, the busbars run in close proximity to the two beam pipes.
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Figure 2: Location of the main busbars with respect to the internal and external beam
axes, seen from connection side (left). The corrector busbars are placed on top of the main
quadrupole busbars QF and QD (right).
In addition, 17 connection cryostats (1 in each DS-region plus a second one in DS-L6)
and 16 distribution feed boxes (DFBAs) are placed around the ring. Within the connection
cryostats, the lyres are located in the center of the cryostat, and the beam pipes are not
shielded magnetically from the busbars, since no iron yoke structure exists. Otherwise,
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the shape of the lyres is identical to those of the busbars of the main magnets. In the
distribution feed boxes, the cold/warm transition for the power cables takes place. The
DFBAs are connected to each end of the LHC arc for this purpose, and the busbars are
bent upwards to be connected to the normal conducting water-cooled power cables via
HTS current leads. The maximum current transported through the quadrupole and dipole
busbars is 13 kA, while the current supplied to the corrector busbars is 600 A.
The following considerations are taken into account to determine the excitation current
of the spool pieces: During the production of the main dipoles, two adjustments of the
coil cross-section were carried out to correct the systematic values of the low order odd
multipoles b3, b5 and b7. In both cases, the cross-section of the coil was modified, firstly by
changing the shape of one copper wedge, and then by changing the insulation thickness in
the midplane of the coil [2], [3].
During the installation of the LHC, magnets of same cross-section were grouped to-
gether according to their expected systematic multipole errors to optimize the corrector
ranges. In total, the LHC octants can be grouped into four cases according to their field
quality at nominal field level as shown in Table 2. The signs of the different multipoles in
the required field quality correction define the polarity of the currents in the spool piece
powering and therefore must be considered in the calculation. The numbers are based on
the database for warm magnetic measurements of the main dipoles and have been inter-
polated using the WISE-code [4] for beam 1. Beam 1 experiences a positive main field
component B1, i.e. in direction of the positive y-axis. The main field orientation depends
on the polarity of the current in the main busbars and this way, their sign is defined as
well.
Table 2: Values of field quality of the main dipoles for b3, b4, b5-correctors in the different
sectors of LHC at nominal field [4]. All values in units of 10−4 and calculated at 17 mm
reference radius. The signs of the multipoles define the polarity of the currents in the spool
piece powering.
multipole
sector magnet aperture b3 b4 b5
1-2, 5-6, 6-7 beam 1 external 2.64, 2.08, 3.00 0.26, 0.25, 0.27 -0.13, -0.27, -0.03
2-3, 3-4, 4-5 beam 1 internal 2.55, 1.40, 2.49 -0.29, -0.29, -0.27 -0.10, -0.01, -0.17
7-8 beam 1 external 4.66 0.22 0.36
8-1 beam 1 internal 2.37 -0.28 0.06
A worst-case scenario resulting from the calculation of the parasitic magnetic fields
of dipole-dipole interconnections has already been presented [5]. In this first estimation,
it is assumed that all busbars in each interconnection are under full power and perturb
the beams on the whole length of the unshielded interconnection. However, a part of
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the parasitic magnetic fields is already considered in the magnetic measurements of the
individual magnets and these must be excluded from the calculation here to avoid counting
their effect twice. In this way, the overall calculation can be simplified considerably since,
e.g., for dipole-dipole interconnections and for dipole-quadrupole interconnections, only
the quadrupole busbars and the spool pieces may be considered in the calculation since
the dipole busbar is powered during the measurement of the dipole and the resulting field
error from the dipole busbar is already included within the dipole error. As a consequence,
no distinction has to be made between the two busbar types of the main dipole, Type-A
and Type-B. Similarly, for a quadrupole-dipole interconnection, only the dipole busbar
and the spool pieces may be considered in the calculation since the quadrupole busbars are
powered during the measurement of the quadrupole and the resulting field error is included
within the quadrupole field error.
The parasitic fields of all busbars are calculated by means of a numerical code [6] which
allows a precise modeling of the lyres’ shapes. The correctness of the numbers is checked
by an analytical calculation of a simpler geometry consisting of a pair of line currents as
shown in the Annex 9.
4 Magnetic Field Description
The magnetic field in a given aperture is expressed in terms of multipoles resulting from
the Fourier expansion of the radial main field as:
Br(Rref , ϕ) =
∞∑
n=1
[An(Rref) cos(nϕ) +Bn(Rref) sin(nϕ)] (1)













Br(Rref , ϕ) sin(nϕ)dϕ.
Normalization of these coefficients to the main field BN yields relative multipole errors









The numerical calculation is carried out using the field computation program ROXIE [2]
developed at CERN. For this purpose, the 3D-shapes of the busbars are divided into a chain
of straight line-current segments that follow the cable through the straight section and the
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lyres at the coil ends, allowing the computation of the busbars’ fields in typical magnet
interconnections. ROXIE applies the coupling method of boundary elements (BEM) and
finite elements (FEM). The models of the superconducting coil ends are contained in the air-
region which is simulated with boundary elements. Every strand in the coil is represented
in the model as a line-current1 and the field contribution of each strand is calculated from
the Biot-Savart law. This gives, together with the busbars, the source-term in BEM. The
yoke geometry is part of the FEM region and is first created in 2-D, and then extended into
the third dimension. The solution for the entire problem domain (non-linear-domain and
air-domain) is found by solving the fixpoint problem of coupled BEM and FEM equations.
5.1 Modeling of the Busbars
For modeling the busbars, no predefined, parameterized input options exist. However,
ROXIE accepts the input of so-called brick elements. Bricks are pieces of cable (in the
BEM domain), which are defined by two oriented cross-sections, a number of layers N1 , a
number of strands per layer N2, and the total current I flowing from cross-section 1 to cross-
section 2 in the (N1xN2) strands. Each cross-section is defined by its four corner points
and the orientation is given by the ordering of the points. A busbar consists of several tens
or even several hundreds of oriented cross-sections, and the data I, N1 and N2. Since the
shapes of busbars in the interconnections are generally complicated, the input to ROXIE
can become cumbersome. Therefore, it was decided to find an automated procedure to
extract information from electronic drawings. Since the drawings of LHC interconnections
were made using the EUCLID drawing program, an interface from EUCLID to ROXIE
was needed and a number of obstacles had to be overcome. First of all, the various
busbar drawings were not all created using the same input mechanisms. As a consequence,
some busbars were depicted by mere lines, others were represented by bricks or they were
developed from 2-D shapes. This diversity rendered a fully automated data extraction
impossible. Moreover, the EUCLID models do not include the information about the
polarity of the currents which is indispensable for field calculation. The method which was
finally adopted consisted of creating a new, reduced EUCLID busbar-models based on the
existing ones. The new models contained only one guiding line, representing one edge of
a busbar, and a number of closed lines at each vertex along the guiding line, which gives
the busbar cross-section. Consequently, every single busbar was redrawn by a EUCLID
draughtsman and the EUCLID-to-ROXIE interface was devised to retrieve the busbar-
models from the CERN drawing-database and extract the cross-sectional information.
All interconnections used for these calculations are individually designed and the actual
shape of conductors is retrieved from technical drawings. Figure 3 shows the ROXIE model
of a dipole-dipole busbar interconnection (in green) with the two coil ends (in orange) and
the surrounding iron yoke geometry (in red and purple). In the vicinity of the coil ends, the
shape of the iron laminations and the lamination material change in order to avoid a field
enhancement. The same busbar interconnection is shown in Fig. 4 without its surrounding
1Note that the twist in Rutherford-type cables is not taken into account.
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Figure 3: ROXIE model of an arc dipole-dipole busbar interconnection including the coil
ends and the surrounding iron yoke. In the region of the coil ends, the shape of the iron
laminations and the lamination material change in order to avoid a field enhancement.
iron structure. The coil ends that are sourrounding the two beam pipes and the lyres of the
busbars are clearly visible. The Figs. 3 and 4 show one of the most elaborated models ever
built with ROXIE and counts 58080 line-current segments for the coils, 41873 elements for
the busbars and about 1500 elements for the yoke.
5.2 Calculation of Parasitic Fields
The calculation of the parasitic fields of the busbars showed that the main contribution
resulted from the lyre, where the busbars are running magnetically unshielded and in close
proximity to the beam pipes. In addition it was verified that the influence of either the
coil ends or the surrounding iron structure on the parasitic field produced by the busbars












Figure 4: ROXIE model of an arc dipole-dipole electrical interconnection consisting of the
main busbars and including the coil ends but no iron yoke.
5.2.1 Interconnection between Dipole-Dipole, Dipole-Quadrupole and Dipole-
Connection Cryostat
During the measurement of the dipole magnets, the dipole busbar which is running along
the length of the magnet is under power. The measurement of the dipole magnets is such
that the dominant effect, due to the parasitic magnetic field of the lyre, is already included
during the measurement of the magnetic field in the magnet’s aperture. This way, only the
quadrupole busbars and auxiliary busbars need to be considered in the calculation since the
resulting field error from the dipole busbar is already included within the measured dipole
field error. As a result, the geometry for the calculation simplifies and becomes symmetric
with respect to the cold mass center (but not with respect to the two beamaxes due to
the 2-in-1 design of the magnet). The same consideration applies to a dipole-quadrupole
interconnection and for the interconnection between a main dipole and the connection
cryostat. Table 3 shows the calculated multipole components which will be used for the
calculation of the effects on the LHC beam optics. It can be seen from the data that there
is a sign change in the calculated parasitic dipole component between sectors 1-2, 5-6, 6-7
(group 1) and sectors 2-3, 3-4, 4-5 (group 2), whereas the field in sector 7-8 has the same
sign as that of group 1 and the field in sector 8-1 has the same sign as that of group 2. This
is due to the change of magnet aperture as the beam changes from the inner to the outer
aperture and vice versa. In the sectors 1-2, 5-6, 6-7 (group 1) and in sector 7-8, beam 1 is
in the external aperture with respect to the center of LHC, whereas in the sectors 2-3, 3-4,
4-5 (group 2) and in sector 8-1, beam 1 is in the internal aperture. The small differences in
the values result from the different powering of the spool pieces in the respective sectors.
The fact that the parasitic fields in the sectors 1-2, 5-6, 6-7, and 7-8 are very similar can
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also be observed in the parasitic fields of the interconnections between quadrupole-dipole,
quadrupole-connection cryostat, and quadrupole-DFBA, shown in Table 4 in Section 5.2.2.
Table 3: Expected field perturbations resulting from interconnections between dipole-
dipole, dipole-quadrupole, and dipole-connection cryostat, all calculated at 17 mm ref-
erence radius for nominal field on beam 1.
∆B1 [mT] ∆B2 [mT] ∆A1 [mT]
sector 1-2, 5-6, 6-7 -1.74 0.33 0.39
sector 2-3, 3-4, 4-5 1.76 0.34 0.40
sector 7-8 -1.77 0.34 0.41
sector 8-1 1.78 0.34 0.43
5.2.2 Interconnection between Quadrupole-Dipole, Quadrupole-Connection
Cryostat, and Quadrupole-DFBA
Similarly, during the measurement of the main quadrupole magnets, the quadrupole bus-
bars which are running along the whole length of the magnet are powered. Consequently,
in this case, only the dipole busbar and the auxiliary busbars need to be considered in the
calculation. The resulting error from the quadrupole busbars are already included within
the quadrupole field error. Tables 4 and 5 show the calculated multipole components which
will be used for the calculation of the effects on the LHC beam optics. These tables show
a significant difference in the calculated parasitic components between the sectors 1-2, 5-6,
6-7 (group 1) and sectors 2-3, 3-4, 4-5 (group 2), whereas the fields in sector 7-8 are similar
to those of group 1 and the fields in sector 8-1 are similar to those of group 2. As already
explained, the beam changes from the inner to the outer aperture and vice versa. In the
sectors 1-2, 5-6, 6-7 (group 1) and in sector 7-8, beam 1 is in the external aperture with
respect to the center of LHC, whereas in the sectors 2-3, 3-4, 4-5 (group 2) and in sector
8-1, beam 1 is in the internal aperture. A rather large difference can be seen in the results
of the calculated parasitic fields: for example, ∆B1 = -1.58 mT in sector 7-8 compared to
∆B1 = -6.82 mT in sector 8-1. This is due to the main dipole busbar whose effect on the
beam is much stronger if the beam is in the outer aperture and weaker if the beam is in the
inner aperture (see also fig. 2 for the busbar positions). The same effect can be observed
for the other field components, ∆B2 and ∆A1 as well.
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Table 4: Expected field perturbations resulting from interconnections between quadrupole-
dipole, quadrupole-connection cryostat, and quadrupole-DFBA, all calculated at 17 mm
reference radius for nominal field on beam 1.
∆B1 [mT] ∆B2 [mT] ∆A1 [mT]
sector 1-2, 5-6, 6-7 -1.56 -0.95 1.75
sector 2-3, 3-4, 4-5 -6.85 2.26 -0.97
sector 7-8 -1.58 -0.95 1.78
sector 8-1 -6.82 2.28 -0.95
Table 5: Expected field perturbations resulting from the connection cryostat, all calculated
at 17 mm reference radius for nominal field on beam 1.
∆B1 [mT] ∆B2 [mT] ∆A1 [mT]
sector 1-2, 5-6, 6-7 -3.31 -0.62 2.15
sector 2-3, 3-4, 4-5 -5.10 2.61 -0.58
sector 7-8 -3.33 -0.61 2.17
sector 8-1 -5.08 2.61 -0.56
5.2.3 Parasitic Fields of the DFBAs
To determine the parasitic magnetic fields resulting from the DFBAs, the ROXIE model
of Auchmann [7] was used. This model was originally built for the calculation of the
electromagnetic forces on the cables. Figure 5 shows how the busbars run inside the
DFBAO and how they bend upwards to allow connection to the normal conducting power
cables via HTS current leads. In total, there are six busbars powered with 13 kA (3 times
currents with alternating signs ± 13 kA) and eight busbars powered with 6kA (4 times
currents with alternating signs ± 6 kA, the others are not powered) to be considered within
this DFBA.
The results for the DFBAO have been used as an example for all DFBAs since its effect
is rather small and this avoids having to model each DFBA individually. Table 6 shows the
calculated multipole components which will be used to calculate the effects on the LHC
beam optics.
Table 6: Expected integrated magnetic field perturbations resulting from the busbars in
the DFBAO, all numbers calculated at 17 mm reference radius for nominal field.
∆B1 [mT×m] ∆B2 [mT×m] ∆A1 [mT×m]
external aperture 1.90 -0.34 10.15
internal aperture 1.89 -0.29 9.55
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Figure 5: ROXIE model of the main busbars in the DFBAO.
6 Effects on Beam Optics
We consider the incremental effect of the parasitic fields of the interconnections on beam
optics in addition to the contributions that have already been taken into account by the
measurements (as described in greater detail in Section 5.2.1). The calculated integrated
field perturbations are at the level of a few mT · m, i.e., a few units (in 10−4) of the main
field integral. Consequently, it is considered sufficient to use approximations to calculate
the effect on beam optics parameters.
6.1 Closed Orbit Deviation
The amplitude of the peak value of the closed orbit deviation, ∆xˆs is due to a dipole field









where ∆Bi,e1 denotes the dipole field perturbation integrated over the length of a single
interconnection (LIC), and βQF is the maximum value of the beta function in the arc, namely
βQF= 177 m. Bρ denotes the magnetic rigidity at collision energy (3.336 x 7000 GeV).
As there is one orbit corrector per cell and per plane installed in LHC, the closed orbit
deviation is calculated independently for the DS-regions in the different sectors and per cell
for the groups of different sectors. In the arc, a cell consists of 6 dipoles and 2 quadrupoles.
Therefore, an orbit corrector in the arc has to correct for the perturbation per cell due to two
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quadrupole-dipole interconnections, four dipole-dipole interconnections, and two dipole-
quadrupole interconnections. The average betatron function and phase in the arc is used
in calculations. In the DS-regions, the magnets can be grouped in two cells: Cell 1 consists
of four 4 dipoles and 2 quadrupoles, whereas Cell 2 consists of 4 dipoles, 3 quadrupoles,
and 1 connection cryostat. The two cells into which the DS-regions are split are illustrated
in Fig. 6. Table 7 shows the number and type of interconnections considered for the
calculation. For the DS-regions, the contribution of the DFBA is included in the calculation
for Cell 1, and the contribution of the connection cryostat is included in the calculation
for Cell 2 (one connection cryostat per DS-region, except for DS-L6, where two connection
cryostats are installed).
D S - C E L L  1 D S - C E L L  2
Figure 6: Illustration of the cells used for the calculation in the DS-regions. Example shows
DS-R2.
Again, it can be seen from the table that the magnetic fields in the interconnections
that are considered per cell in the arc (i.e., dipole-to-dipole and dipole-to-quadrupole
interconnection, (MB-MB-interconnection and MB-MQ-interconnection)) consisting of the
two quadrupole busbars, (QF and QD as shown in Fig. 2) are counterbalancing each other.
The calculated orbit perturbation is rather small and will be handled by the global orbit
correctors. The difference between the sectors 1-2, 5-6, 6-7 (group 1) and sectors 2-3, 3-4,
4-5 (group 2) is again due to the fact that the effect is calculated for beam 1 and that
the beam changes from the inner to the outer aperture and vice versa over one turn of
the machine. Hence, the calculated closed orbit deviation in sector 7-8 is similar to the
value of group 1 and sector 8-1 is similar to group 2. This feature was already explained
in part 5.2.1 of section 3.
The maximum oscillation is calculated for the cell of the DS-regions DS-L4/R4/L5,
and DS-R8/L1, where |∆xˆs| reaches 73.8 µm and 73.1 µm, respectively. These small
oscillations show a very modest fraction of the corrector ability and thus can be considered
as insignificant in the DS-region.
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Table 7: Expected peak value of the closed orbit deviation per cell in the LHC arcs and
the DS-regions at collision energy.
IC-type MQ-MB MB-MB MB-MQ MB-CC MQ-CC |∆xˆs|
in [µm]
Sectors 1-2, 5-6, 6-7
arc [per cell] 2 4 2 – – 53.9
DS-R1/L2/R5/L7 cell 1 2 2 2 – – 33.9
DS-R1/L2/R5/L7 cell 2 3 2 1 1 – 59.3
DS-L6 cell 1 1 2 2 – – 34.7
DS-R6 cell 1 – 2 2 – – 27.7
DS-L6/R6 cell 2 3 2 1 1 – 59.3
Sectors 2-3, 3-4, 4-5
arc [per cell] 2 4 2 – – 12.5
DS-R2/L3/R3
DS-L4/R4/L5 cell 1 2 2 2 – – 32.6
DS-R2/L3/R3
DS-L4/R4/L5 cell 2 3 2 1 1 – 73.8
Sector 7-8
arc [per cell] 2 4 2 – – 54.6
DS-R7/L8 cell 1 2 2 2 – – 34.4
DS-R7/L8 cell 2 4 2 1 1 – 60.0
Sector 8-1
arc [per cell] 2 4 2 – – 11.8
DS-R8/L1 cell 1 2 2 2 – – 32.0
DS-R8/L1 cell 2 3 2 1 1 – 73.1
6.2 Phase Advance and Tune Shift
The phase advance ∆µi,eSec results from a perturbation of the normal quadrupole field ∆B
i,e
2











where < βIC >=80 m denotes the average value of the beta function at the location of the
interconnection, LIC the length of a single interconnection, and Rref is the reference radius
of the magnetic field calculation. M denotes the total number of interconnections under
consideration per sector. During one turn in the accelerator, the beam travels through 4
sectors on the internal aperture and 4 sectors in the external aperture. When the beam
changes from internal to external aperture, the current in the main busbars also change
their sign. Table 8 shows the calculated phase advance per sector (including the DS-
regions). These values are considerably smaller than the numbers presented in [5], where a
14
phase advance of about 0.008 per sector was predicted. The difference comes from the fact
that for the first calculations, a worst-case scenario was considered in which all busbars for
each interconnection were powered at full current. As was explained in Section 5.2.1, the
field perturbation resulting from the main dipole busbars is already included in the main
dipole field error due to the measurement principle and consequently is not considered in
this more realistic calculation for the magnet interconnections.
Table 8: Expected phase advance deviation per sector due to perturbations of the normal
quadrupole field.






5-6 and 6-7 -0.056
7-8 -0.038
8-1 3.58
The tune shift is calculated from the sum of all phase advances to be 0.014. This value
appears to be significant. However, should be still largely within the range of the corrector
magnets.
6.3 Coupling Strength per Sector
The strength of the linear coupling experienced by the beam per sector, is the result or a














βx βy is almost constant and therefore an approximate value of 80 m is taken.
The phase advance of the resonance is neglected to obtain an upper bound. M denotes the
total number of interconnections under consideration per sector. Adding up the parasitic
magnetic fields of all interconnections, the coupling strength per sector is ±0.003. This
contribution appears again small, but should be detectable and easy to correct.
6.4 Linear Chromaticity
The contribution of the sextupole field perturbation to the linear chromaticity appears to
be totally negligible.
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Table 9: Expected coupling strength per sector due to parasitic magnetic fields of all
interconnections.
Coupling strength per sector
ci,esec ±0.003
7 Conclusion
This detailed calculation presented here confirms the results of the worst case scenario
already given in [5]. It is more precise since it distinguishes between the different types of
interconnections and includes the parasitic magnetic field contribution of the connection
cryostats and the DFBAs. The analysis shows that neither the LHC beam dynamics nor the
machine operation should experience significant perturbations due to parasitic magnetic
fields arising in the magnet interconnections. However, the calculated perturbations are
not completely negligible, but should be taken care of by the corresponding correction
systems during operation.
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9 Annex
In general, the vector potential of a single line current I(r0, ϕ0) calculated at an evaluation
point (r, ϕ) for radii r < r0 has a z-component only and reads:

















where R0 denotes an arbitrary reference radius.
The magnetic field can be calculated from ~B = ∇× ~A, of which only the radial com-








































In reality, the busbars are not straight and, in addition, do not have the same radial
distance from the center of the magnet’s aperture. Therefore, to allow a comparison of
this analytical estimate with the results from ROXIE, two situations are considered for an
MB/MB-interconnection as is shown in Fig. 4.
The first considers the long straight part of the busbar, where all main busbars are
positioned at approximately the same radial distance from the center of the magnet (but
not with respect to the aperture’s centers, see sketch of the magnet cross-section in Fig. 7
and Fig. 8 (a), for illustration). By using eq. (7), the multipoles for the different cases can
be calculated. The values are given in tables 10 and 11.
17
Figure 7: Sketch of magnet cross-section seen from lyra side.
























Figure 8: Positions of the main busbars with respect to the two apertures seen from lyres
side: (a) Cut at maximal distance to the two apertures, (b) Cut at minimal distance to
aperture 1, (c) Cut at minimal distance to aperture 2. The red dots show the location of
the replacement currents used for the calculation.
In the second situation, the closest position of each busbar with respect to the two aper-
ture’s centers was calculated. This corresponds to the short part in the lyra bend, except
for aperture 1, where the busbars on the connection side of the magnet are even closer (see
Fig. 8, (b)-(c) for illustration).
18
Table 10: Analytical estimates of skew multipole field perturbations produced by the main
busbars powered with 13 kA. The powering scheme is for beam 1 in the internal aperture




n Ap. 1 Ap. 2 Case 2.1 - Ap. 1 Case 2.2 - Ap. 2
1 0.81 0.89 -7.58 1.48
2 -0.75 -0.26 -1.67 3.57
3 -0.89 -0.36 -2.57 6.61
Table 11: Analytical estimates of normal multipole field perturbations produced by the
main busbars powered with 13 kA. The powering scheme is for beam 1 in the internal




n Ap. 1 Ap. 2 Case 2.1 - Ap. 1 Case 2.2 - Ap. 2
1 0.66 -0.67 -7.58 8.28
2 0.38 -0.38 -16.65 18.51
3 -0.15 0.16 -2.57 29.14
Comparison of these numbers with the more precise values given in Table 3 show that
detailed modeling of the busbars and spool pieces is needed in order to obtain a reliable
estimate of the effects on the beam optics.
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